We present-high resolution (R [ 200,000), high signal-to-noise spectral data for 51 Pegasi spanning a complete orbital period of the purported planetary companion. A detailed examination of the line bisectors from eight spectral lines as well as the ratio of the line depth of the V I 6251 line to the Fe I 6253 Ó line were performed. The changes in the mean bisector velocity span and curvature are about 1 m s~1 Ó and 4 m s~1, respectively. These variations are an order of magnitude less than the variations reported by Gray and are small enough to exclude all nonradial sectoral pulsation modes. The line-depth ratio of V I/Fe I also shows no signiÐcant variations, and a least-squares sine Ðt using the planet period of 4.23 days yields an amplitude of 0.00038 for any line-depth ratio variations. This corresponds to a diskintegrated temperature variation (peak-to-peak) of less than 1.7 K. We conclude that the radial velocity variations are not due to a dynamical stellar atmosphere and that a planetary companion remains as the only viable explanation for the observed radial velocity variations. The lack of bisector variability in our data indicates that the contribution to the observed spectra due to reÑected light from the planet is at least 2000 times less than that of the primary light. Assuming a planetary albedo of unity, this places an upper limit of 0.2 for the radius of the planet. R _
INTRODUCTION
The planet around 51 Pegasi, like many sensational discoveries, has had its share of controversy. When Ðrst announced by & Queloz it was received with Mayor (1995), a fair amount of skepticism. After all, a Jovian mass planet in orbit a mere 10 stellar radii from the star was unexpected. (Hatzes, 1997) , that a planetary companion was indeed the most likely explanation for the radial velocity variations Ðrst reported by & Queloz Mayor (1995) . A challenge to the planet hypothesis for 51 Peg, however, was made by who presented spectral line shape Gray (1997), (bisector) measurements of the Fe I 6253 line for this star Ó that seemed to vary in phase with the 4.23 day radial velocity period of the planet. & Hatzes proposed Gray (1997) that both the spectral and radial velocity (RV) variations could be explained simultaneously by low-degree nonradial pulsations. If this is true, then the planet around 51 Peg may not exist. In a recent paper, we resolved this controversy surrounding 51 Peg by presenting high-quality bisector measurements derived from several spectral lines, including the Fe I 6253 feature Cochran, & Bakker Ó (Hatzes, 1998 ). These did not conÐrm the variability reported by Gray. Corroborating evidence was also provided by Gray (1998) and et al. although the later was based on Brown (1998a), spectral data having a resolving power of only 50,000, which may be inadequate for a detailed study of spectral line shape variations. Recent investigations of the line shapes of another 51 PegÈlike system, q Boo, also did not show any spectral variations et al. & (Brown 1998a ; Hatzes Cochran It now seems highly unlikely that the 51 1998). PegÈtype stars represent a new class of pulsating stars.
Here we present a more detailed analysis of the data presented in preliminary form in our earlier paper. Included in the present analysis are (1) the use of additional lines for calculating the mean bisector variations, which are then used to place even more stringent limits on the amplitude of any spectral variability ; (2) an examination of the V I 6251 Ó to Fe I 6253 line-depth ratio, of which variations were Ó also reported by (3) a tabulation of all meaGray (1997) ; sured quantities ; and (4) a Fourier analysis of the data. The line-depth ratios are also used to place upper limits on any disk-integrated temperature variations in the stellar atmosphere of 51 Peg.
DATA ACQUISITION
Data were acquired using the second coude spectrograph et al. of the 2.7 m Harlan J. Smith telescope at (Tull 1995) McDonald Observatory. One focus of this prism crossdispersed echelle spectrograph can provide a resolving power, R (\j/*j), of about 220,000 with a wavelength coverage of about 400 (noncontiguous)
To insure the Ó. highest resolving power possible as well as a stable instrumental proÐle, the top half of the spectrograph collimator mirror was masked o † during all observations. Tests made with a pinhole aperture indicated that when the full collimator aperture was used, a maximum resolving power of only about 150,000 could be achieved, with potentially poor instrumental stability. The unmasked collimator produced a dual image of the pinhole aperture, and these images were usually aligned in the direction along the perpendicular to the dispersion. Normally this should not degrade the resolution when the rows comprising a spectral order are co-added. However, we found that the image resulting from the top half of the collimated beam was often subject to spatial movement from run to run, so that the two images were not always in a line perpendicular to the dispersion. An instrumental proÐle with this shape can adversely a †ect the resolution after order extraction. Masking o † half of the collimator eliminated the portion of the instrumental proÐle that was subject to temporal changes. Work is cur- rently in progress to correct this problem of resolution degradation.
Observations were made on 18 nights spanning the time period 1997 JulyÈ1997 September. Four to 10 individual observations of 51 Peg were made on a given night, with a typical signal-to-noise ratio per resolution element of about 200. The mean spectral resolution of the observations was 0.029 with an rms scatter of 0.001 This yielded a Ó, Ó. resolving power in the range 200,000È230,000, thus conÐrming the stable instrumental proÐle of the setup.
lists the journal of observations, which includes 
Bisector Measurements
For slowly rotating stars, changes in the spectral line shape are best measured using line bisectors, or the locus of midpoints of a horizontal line segment spanning the width of the line from the core to the continuum (e.g., Gray 1982). These types of measurements require relatively strong spectral lines that are blend free. In the spectral region covered by our observations we found eight spectral lines that were suitable for bisector measurements. These lines are tabulated in along with the measured equivalent width Table 2 and excitation potential for each line.
shows the Figure 1 grand mean bisector generated by averaging several nights of bisector data for each of the lines considered. Note that the magnitude of the velocity span can be di †erent from line The Scargle-type periodograms in the frequency range 0.15È0. The nonradial pulsation model proposed for the RV variability of 51 Peg by & Hatzes is purely a Gray (1997) kinematic one. If this model was correct, then the spectral variations of all lines of comparable strength should be the same, so it should be valid to average all the bisector measurements. From it is evident that the mean bisec- Figure 1 tor can have a signiÐcantly di †erent shape from line to line. These di †erences may be due to spatial variations of the spectrograph instrumental proÐle on the detector, to nearby blends by weak spectral features, or even to intrinsic di †er-ences in the shape of the bisector for individual lines. A straight averaging of all line bisectors would thus be inappropriate. However, for this study we are primarily interested in changes in an individual bisector as a function of the RV phase. Therefore, it should be valid to average the residual measurements after subtracting the mean level. The top panel of shows the weighted average (weighted Figure 6 by 1/p2, where p is the standard deviation of the measurements from the individual lines) of the bisector velocity span measurements ; the lower panel is for the bisector curvature measurements. The solid points in both Ðgures represent phase-binned quantities using a bin size no larger than 0. 07   FIG. 4 .ÈScargle-type periodograms for the bisector span measurements from the individual spectral lines. The horizontal line indicates the orbital frequency of the planet. A search for variability in the V I/Fe I line-depth ratio was also made using our spectral data. A zero-order Ðt to the continuum was made between the V I and Fe I lines. We did not correct for the shape of the continuum, since all spectra were obtained with the same instrument and setup. The depth of the line core was taken as the minimum of a vertically oriented parabola Ðtted to the lowest eight points of the spectral line proÐle. The depth ratio versus the orbital phase is shown in the upper panel of Figure 7 .
To constrain further the presence of any variability at a 1 p level, we averaged the depth-ratio measurements for each night. These values are shown as crosses in the lower panel of and are tabulated in Error bars have Figure 7 Table 4. been estimated based on the signal-to-noise ratio of each spectrum. Further binnings in phase are shown as the solid points in the lower panel of There appear to be no Figure 7 . obvious sinusoidal variations in the line-depth ratios.
shows the Scargle-type periodogram of the line- line-depth ratio versus temGray (1991) perature calibration for a number of spectral line pairs, including the one used in this study. The derivative of his polynomial expression relating e †ective temperature to line-depth ratio, r, yields *T \ [2193 *r, about the linedepth ratio pertinent to 51 Peg. The rms scatter of the phase-binned line-depth ratios is about 0.0015, which results in a peak-to-peak disk-integrated temperature variation of 6.6 K. A least-squares sine Ðt (period \ 4.23 days) to the phase-binned data yields a maximum allowed amplitude of 0.00038, which gives a peak-to-peak *T \ 1.7 K.
DISCUSSION
The data presented here demonstrate unequivocally that 51 Peg exhibits no spectral variability with the 4. The low upper limit to any bisector variability that we derived by averaging all lines is good only if all spectral variations are in phase with each other. This is certainly the case for the kinematic oscillation model proposed by Gray & Hatzes However, spectral lines with di †erent tem-(1997). perature sensitivities (if temperature variations are indeed present) or those formed at di †erent depths in the stellar atmosphere may show spectral variations 180¡ out of phase with other lines. Consequently, averaging the bisector quantities may produce minimal variations when in fact more may be present. Although this cannot be proved conclusively, we do not favor this scenario as an explanation for the lack of bisector variations. All the lines have similar line strengths and excitation potential, so there is no reason to believe that they should exhibit di †erent bisector variability. Furthermore, the individual bisector measurements show a typical rms scatter below 15 m s~1. A least-squares sine Ðt using the RV period to the individual line-bisector measurements produced amplitudes in the range of 3È20 m s~1 for both the velocity span and curvature measurements. The individual bisector measurements also exclude the presence of spectral variations.
In their analysis of the line shapes of 51 Peg, Hatzes, Cochran, & Johns-Krull placed an upper limit of 10 (1997) m s~1 for any bisector velocity span variations. Although this limit excluded nonradial sectoral modes with m º 4, it was still comparable to the bisector variations expected for an m \ 2 sectoral nonradial mode. Low-degree nonradial modes thus could not be excluded as a cause of the RV variations.
et al. recently made a detailed Brown (1998b) investigation of the line shape variations for nonradial pulsations. In their analysis, a sectoral m \ 2 mode with a pulsational amplitude sufficient to produce the observed RV variations in 51 Peg should have bisector span variations with an amplitude of about 5 m s~1. An m \ 1 mode would produce span variations with an amplitude of nearly 2 m s~1. Higher degree modes (m [ 4) that can reproduce the RV amplitude would also have a bisector variation large enough to have been detected in our data. It seems that our bisector measurements are of sufficient quality to exclude the presence of all sectoral nonradial pulsation modes in 51 Peg. et al. examined whether tidal interactions Terquem (1998) from a planetary companion like the one to 51 Peg could excite nonradial modes in the star. Their analysis shows that the velocity perturbations of the stellar atmosphere to such excited modes should be negligible. The lack of spectral variability in our bisector measurements conÐrms their result.
Our spectral data show no evidence of the reÑected light from the planet. An estimate of the contribution of such reÑected light was made using a simple simulation. Two line proÐles, one shifted and scaled with respect to the other one, were added, and the resulting bisector was examined. The relative shift was taken so as to maximize the distortions of the bisector. A change in the bisector velocity span of 1 m s~1 (comparable to the rms scatter of our mean span measurements) corresponded to a "" reÑected ÏÏ spectrum 2000 times fainter than the primary one. Assuming a value of unity for the planetÏs albedo results in an upper limit of 0.2 for the planetary companion. This upper limit is R _ about 50% larger than the radius of about 0.14 calcu-R _ lated by et al. for a giant planetary companGuillot (1996) ion to 51 Peg. This simulation also implies that any spectral investigation (in the visible) that attempts to detect the spectral signature in reÑected light of the planet requires data with signal-to-noise ratios (S/N) greater than 2000. These may be difficult if not impossible to achieve with CCD detectors, since at very high values the S/N is limited not by photon statistics but by the Ñat-Ðelding systematics of a given CCD detector.
Because RV measurements provide only an indirect detection of planetary companions, we can never be absolutely certain that the RV variations in 51 Peg are due not to a planet but rather to some exotic pulsation mode or dynamical atmospheric e †ect. However, given the large body of high-quality RV, photometric, and now spectroscopic, evidence in support of the planet hypothesis, this seems the simplest and most likely explanation for the RV variations in this star that were discovered by Mayor & Queloz.
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